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ABSTRACT The recently reported structural connectivity in F-actin between the DNase I binding loop on actin (residues
38-52) and the C-terminus region was investigated by fluorescence and proteolytic digestion methods. The binding of copper
to Cys-374 on F- but not G-actin quenched the fluorescence of dansyl ethylenediamine (DED) attached to Gln-41 by more
than 50%. The blocking of copper binding to DED-actin by N-ethylmaleimide labeling of Cys-374 on actin abolished the
fluorescence quenching. The quenching of DED-actin fluorescence was restored in copolymers (1:9) of N-ethylmaleimide-
DED-actin with unlabeled actin. The quenching of DED-actin fluorescence by copper was also abolished in copolymers (1:4)
of DED-actin and N-ethylmaleimide-actin. These results show intermolecular coupling between loop 38-52 and the C-
terminus in F-actin. Consistent with this, the rate of subtilisin cleavage of actin at loop 38-52 was increased by the bound
copper by more than 1 0-fold in F-actin but not in G-actin. Neither acto-myosin subfragment-1 (Si) ATPase activity nor the
tryptic digestion of G-actin and F-actin at the Lys-61 and Lys-69 sites were affected by the bound copper. These observations
suggest that copper binding to Cys-374 does not induce extensive changes in actin structure and that the perturbation of loop
38-52 environment results from changes in the intermolecular contacts in F-actin.
INTRODUCTION
It has been recognized recently that actin filaments may exist
in different conformational states depending on the divalent
cation, nucleotides, and proteins bound to actin (Orlova and
Egelman, 1995; Orlova et al., 1995; Egelman and Orlova,
1995). The observations of these authors linked the structural
differences between the Ca2+- and Mg2+-polymerized actins
(Orlova and Egelman, 1993), as well as between standard
F-actin and the filaments stabilized by the Pi analog BeFx
(Orlova and Egelman, 1992), to conformational differences in
subdomain 2 of actin, and the changes in the radial position of
the DNase I binding loop 38-52 in that subdomain. These
findings are of considerable interest because of the proposed
involvement of loop 38-52 in intermolecular contacts in F-
actin (Lorenz et al., 1993; Tirion et al., 1995) and the func-
tional implications of filament structure modulation via this
site (Egelman and Orlova, 1995).
Additional insight into the structural determinants of the
different F-actin states was obtained by Orlova and
Egelman (1995) through image reconstruction of electron
micrographs of several forms of actin filaments. These
authors identified a bridge of density between the two
strands of actin in the Ca2+- F- but not Mg2+-F-actin, which
they attributed to the C-terminus of actin. Tryptic cleavage
of the last two C-terminal residues on actin abolished the
connectivity between the two strands and, strikingly, re-
sulted in an Mg2+-like state of subdomain 2 in Ca2+-F-actin
(Orlova and Egelman, 1995). The conformational coupling
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between the C-terminus and the 38-52 loop in actin, both of
which are perturbed by myosin binding (Kasprzak et al.,
1988; Kim et al., 1996 Fievez and Carlier, 1993; Duong and
Reisler, 1994; Kouyama and Mihashi, 1981; Egelman and
Orlova, 1995) may be of intramolecular or intermolecular
nature. In G-actin such coupling has been demonstrated via
the exposure of a new, C-terminal proteolytic site upon
DNase I binding to actin (Crosbie et al., 1994). The inter-
molecular coupling in F-actin would be consistent with
structural models of F-actin in which three regions from
three neighboring monomers, the C-terminus, the hydropho-
bic plug 262-274, and the 38-52 loop are in close proxim-
ity to each other (Tirion, 1995; Lorenz et al., 1993; Owen
and DeRosier, 1993). These sites would be a part of the
intermolecular interface in F-actin and thus, changes at one
site could easily affect the other two sites.
Because of the functional importance of loop 38-52 and
the C-terminus on actin, as demonstrated by significant
changes in the in vitro motility of actin filaments after loop
38-52 cleavage (Schwyter et al., 1990) and Cys-374 mod-
ification (Crosbie et al., 1994), the connection between
these two sites in F-actin was further explored in this study.
Proteolytic digestions and spectroscopic evidence based on
the conformational sensitivity of the dansyl ethylenedia-
mine (DED) probe attached to Gln-41 and on the specific
binding of copper to Cys-374 (Lehrer et al., 1972) provide
support for the existence of intermolecular coupling be-
tween loop 38-52 and the C-terminus in F-actin.
MATERIALS AND METHODS
Reagents
ATP, ADP, a-chymotrypsin, trypsin and subtilisin Carlsberg were obtained
from Sigma Chemical Co. (St. Louis, MO). Bradford reagent was from
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Bio-Rad (Richmond, CA). DED (dansyl ethylenediamine) was purchased
from Molecular Probes (Eugene, OR).
Preparation of proteins
Actin and myosin were prepared according to Spudich and Watt (1971) and
Godfrey and Harrington (1970), respectively. SI was prepared as described
by Weeds and Pope (1977). Microbial transglutaminase was a generous gift
from Drs. M. Motoki and K. Seguro.
DED-labeled actin
The labeling of Gln-41 on G-CaATP-actin (50 tkM) with DED (100 ,uM)
was carried out in the presence of 0.4 mM ATP, 0.2 mM CaCl2, 0.5 mM
,3-mercaptoethanol, 5.0 mM Tris-HCl at pH 7.7, and 0.5 unit/ml of micro-
bial transglutaminase for 2 h at 23°C (Kim et al., 1995). The labeled actin
was centrifuged through spin columns to remove free DED and ,3-mercap-
toethanol. The labeled actin was polymerized with 2.0 mM MgCl2 after
replacing the bound Ca21 in G-actin with Mg2+ (Kim et al., 1995). The
amount of DED bound to actin and the concentration of the modified actin
were determined as before (Kim et al., 1995). The stoichiometry of G-actin
labeling with DED ranged between 0.9 and 1.0 label per actin. Cu-F-actin
and Cu-G-actin were prepared by adding Cu2+ to F- or G-actin free of
,B-mercaptoethanol.
NEM modification of actin
G-actin and DED-G-actin (50 ,tM), free of ,B-mercaptoethanol, were
modified at Cys-374 with 500 ,uM NEM at 4°C for 3 h. The reaction was
terminated with ,3-mercaptoethanol and the modified proteins were dial-
ized against 0.2 mM CaCl, 0.2 mM ATP, 0.5 mM 3-mercaptoethanol, and
5.0 mM Tris-HCl at pH 7.7. After the dialysis the modified G-actins were
centrifuged for 2 h at 40,000 rpm, at 4°C, in a Beckman ultracentrifuge and
the supernatant was used in subsequent experiments. The extent of Cys-374
labeling on actin by NEM was determined by monitoring the Cu2+-induced
quenching of tryptophan fluorescence of actin (Lehrer et al., 1972). NEM
labeling of actin resulted in between 95 and 100% loss of Cu2+-induced
quenching of tryptophan fluorescence. These preparations were assumed to
contain between 0.95 and 1.0 NEM/actin.
Copper binding assay
The binding of copper to DED labeled F-actin was monitored via changes
in the absorption at 348 nm (Lehrer et al., 1972) or the changes in DED
fluorescence at A = 525 nm. The absorption measurements were done at 10
,iM F-actin; the fluorescence was monitored at 3.0 ,uM F-actin.
Acto-Sl ATPase activity measurements
Actin-activated MgATPase activity of SI was determined under steady-
state conditions, over a time interval between 30 and 90 s, at 25°C by
colorimetric assays. The retention of bound copper by actin over this time
scale under ATPase assay conditions was confirmed by DED-fluorescence
quenching measurements. The solutions contained 10 ,uM F-actin or Cu-
F-actin and 3.0 mM ATP, 3.0 mM MgCl2, 5 mM KCl, 10 mM Imidazole
at pH 7.0, and SI at concentrations ranging between 5 and 30 ,uM. ATPase
activities were calculated as micromoles of Pi released per micromole of
Si/s and were corrected for the ATPase of SI alone.
RESULTS
Spectroscopic experiments
Previous work documented the sensitivity of DED attached
to Gln-41 on actin to conformational changes in loop 38-52
in G- and F-actin (Kim et al., 1995, 1996). The environ-
mental sensitivity of DED suggested that this probe might
be useful in testing the structural connectivity between loop
38-52 and the C-terminus of actin. Fig. 1 shows the emis-
sion spectra of DED-F-actin and DED-F-actin with a stoi-
chiometric amount of Cu2+ bound to Cys-374. Strikingly,
the binding of copper to actin quenches the fluorescence of
the probe by more than 50%. Previous observations con-
tribute to the interest in this effect: 1) The binding of Cu2+
to F-actin (and G-actin) is highly specific to Cys-374
100
Proteolytic digestions
G- and F-actin (1.0 mg/ml) were digested with subtilisin at 25°C at 500:1
and 66:1 ratios (w/w) of actin to protease, respectively. The reaction was
stopped with 1.0 mM PMSF. Tryptic digestions of G- and F-actin (1.0
mg/ml) were done at 250C, at 25:1 and 5:1 ratios of (w/w) of actin to
trypsin, respectively. The digestions were stopped with a 2.5-fold molar
excess of soybean trypsin inhibitor over trypsin. For both proteases G-actin
was equilibrated with 0.2 mM CaCl2, 0.2 mM ATP, and 5.0 mM Tris-HCl
at pH 7.7. F-actin contained 2.0 mM MgCl2, 0.2 mM ATP, and 5.0 mM
Tris-HCl at pH 7.7. When used, copper was added at stoichiometric ratios
to actin and incubated with actin for 10 min before the addition of
proteases. The rates of actin cleavage were determined as before (Muhlrad
et al., 1994), by densitometric analysis of reaction aliquots displayed on
SDS-PAGE. The disappearance of the 42-kDa actin band on SDS gels (due
to actin cleavage) followed a first order process and yielded a rate constant
for the digestion reaction.
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Fluorescence measurements
All fluorescence measurements were carried out in a Spex Fluorolog
spectrofluorometer (Spex Industries, Inc., Edison, NJ) at 250C. The fluo-
rescence of DED F-actin and the copolymers of DED-actin and NEM-actin
or unlabeled actin was monitored after excitation at A = 334 nm.
FIGURE 1 Emission spectra of DED-F-actin. The spectra were recorded
at a concentration of 3.0 ,iM DED-F-actin in the absence (solid trace) and
presence (dotted trace) of a stoichiometric amount of copper after excita-
tion at A = 334 nm. The solvent contained 0.2 mM ATP, 2.0 mM MgCl2,
and 5.0 mM Tris-HCl at pH 7.7. Fluorescence intensities are reported in
arbitrary units (A.U.)
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(Lehrer et al., 1972). Because of copper's extremely high
affinity for actin, virtually no free metal ion is present in
solutions containing Cu2+ at substoichiometric or stoi-
chiometric molar ratios to actin. 2) In the absence of
spectral overlap copper can not serve as an acceptor for
energy transfer from DED (Kim et al., 1995). 3) The
binding of Cu2+ to Cys 374 has no effect on DED
fluorescence in G-(MgATP)-actin (Kim et al., 1995).
These observations show that the binding of Cu2+ to the
C-terminus region on G-actin does not perturb the envi-
ronment of loop 38-52 and suggest, therefore, that the
copper effect on DED fluorescence in F-actin results
from intermolecular interactions in actin filaments.
A titration of DED-F-actin with Cu2+ shows a linear
dependence of fluorescence quenching on the saturation of
actin with copper (Fig. 2) and does not indicate any coop-
erative transitions in the environment of loop 38-52. The
time dependence of DED quenching by copper (Fig. 3)
reveals that this process is relatively slow, and at the low
protein and Cu2+ concentrations used here takes - 100 s for
completion. To test whether the quenching of DED fluores-
cence is rate-limited by the binding of Cu2+ to Cys 374 on
F-actin or, perhaps, by a subsequent isomerization process,
the binding step has been monitored via absorption mea-
surements at 348 nm (Fig. 3) (Lehrer et al., 1972). Although
for practical reasons the fluorescence and absorption
changes are followed at different protein concentrations, it
is clear that both changes occur on the same time scale (Fig.
3). Thus, it appears that the slow quenching of DED-F-actin
fluorescence by Cu2+ is rate limited by its binding to actin.
Notably, similar measurements with G-actin revealed that
the absorption at 348 nm changed within the mixing time of
G-actin and copper (not shown).
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FIGURE 2 Quenching of DED-F-actin fluorescence as a function of a
molar ratio of copper to actin. DED-F-actin (3.0 ,uM) was titrated with
copper in the presence of 0.2 mM ATP, 2 mM MgC12, and 5.0 mM
Tris-HCl, pH 7.7. DED-F-actin emission was monitored at A = 525 nm
after excitation at A = 334 nm.
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FIGURE 3 Time dependence of Cu2+-induced changes in DED-F-actin.
Absorption changes (dotted trace) at 348 nm were monitored in an HP
spectrophotometer at 10 ,uM DED-F-actin after the addition of 10 ,uM
Cu2+. The fluorescence change by copper (quenching of DED-F-actin
fluorescence) was monitored at 3.0 ,uM concentrations of F-actin and
copper (solid trace). Solvent conditions and excitation and emission set-
tings were the same as in the legend to Fig. 2.
Proteolytic digestions of actin
Additional information on Cu2+-induced changes in loop
38-52 on actin was obtained from proteolytic digestion
experiments. Subtilisin cleavage of F-actin in the 38-52
loop (Schwyter et al., 1989) occurred at a rate that was more
than 10-fold faster in the presence of stoichiometric amount
of copper (k = 0.42 ± 0.03 min-1) than in its absence (k =
0.032 ± 0.003 min.-') (Table 1). This large difference in
the proteolytic susceptibility of F-actin to subtilisin, but not
in the reaction products, suggests a Cu2+-induced exposure
of loop 38-52 to the protease. Similar digestions of F-actin
by subtilisin carried out at different substoichiometric molar
ratios of copper to actin showed a linear increase in the
digestion rate of F-actin with its saturation by Cu2+. Sig-
nificantly, and in contrast to F-actin, the digestion rates of
G-actin by subtilisin were identical in presence and absence
of copper (Table 1). These observations are consistent with
the results of fluorescence experiments: the Cu2+-induced
TABLE I Rate constants for proteolytic cleavage of actin
Rate constants (min-')
Actin Subtilisin Trypsin
F-actin 0.032 ± 0.003 (66:1) 0.13 ± 0.01 (5:1)
Cu-F-actin 0.42 ± 0.03 (66:1) 0.16 ± 0.01 (5:1)
G-actin 0.33 ± 0.06 (500:1) 0.19 ± 0.04 (25:1)
Cu-G-actin 0.35 ± 0.05 (500:1) 0.21 ± 0.03 (25:1)
First order rate constants for tryptic and subtilisin digestions of G-actin and
F-actin (1.0 mg/ml) at 25°C were determined as described in Materials and
Methods. Actin to protease ratios (w/w) at which the rates have been
determined are given in parentheses.
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quenching of DED emission on F-actin (Fig. 1) but not on
G-actin (Kim et al., 1995), and the linear dependence of the
quenching of DED-F-actin fluorescence on the binding of
Cu2+ (Fig. 2).
To test whether the perturbation of loop 38-52 by Cys-
374 bound Cu2+ in F-actin extends to other regions of
subdomain 2, the rates of tryptic digestions of actin were
determined in the presence and absence of copper. These
digestions, which occur at Lys-61 and Lys-68 in subdomain
2 of actin (Jacobson and Rosenbusch, 1976) yielded the
same products and at similar rates irrespective of the pres-
ence or absence of bound Cu2+, both in G-actin and in
F-actin (Table 1). Thus, the structural perturbation of sub-
domain 2 by the Cys-374 bound copper appears to be
limited to loop 38-52. Additional support for the conclu-
sion on rather limited changes in F-actin by Cu2+ comes
from acto-S1 ATPase measurements. These assays did not
reveal any significant effect of the bound copper on the
activation of SI ATPase by actin (Table 2).
Fluorescence quenching in copolymers
of DED-actin
Neither the quenching of DED fluorescence (Fig. 1) nor the
acceleration of subtilisin cleavage (Table 1) by Cu2+ in
F-actin but not in G-actin could eliminate completely the
possibility that actin monomers in the F-actin might show
intramolecular coupling between loop 38-52 and the C-
terminus. In a more stringent test of such a possibility DED
fluorescence was measured on several copolymers of actin
assembled from DED-actin, NEM-blocked DED-actin, G-
actin, and NEM-blocked actin. The rationale for blocking
Cys-374 on actin by NEM is that such a modification
prevents the binding of Cu2+ to actin (Lehrer et al., 1972).
As judged by the loss of tryptophan fluorescence quenching
in G-actin by Cu2+, all preparations contained between 0.95
and 1.00 NEM/actin.
As shown in Fig. 4, emission spectra of a copolymer of
1.0 ,uM NEM-DED-actin and 9.0 ,uM unlabeled actin (solid
trace) and that of 1.0 ,uM NEM-DED-F-actin (stabilized by
1.0 ,uM phalloidin) in the presence of Cu2+ (dotted trace)
were virtually identical. Equimolar amounts of Cu2+ also
had no effect on NEM-DED-F-actin fluorescence at higher
actin concentrations (5.0 ,uM) in the absence of phalloidin.
These spectra revealed that the copolymerization of DED-
TABLE 2 SI ATPase activities activated by F-actin
and Cu-F-actin
ATPase activities (s-')
SI (J,M) F-actin Cu-F-actin
5.0 1.80 ± 0.15 1.76 ± 0.02
10.0 3.40±0.10 3.15 ±0.05
20.0 5.00 ± 0.25 4.65 ± 0.10
Acto-S1 ATPase activities were determined at a constant actin concentra-
tion (10 ,uM) at 25°C as described in Materials and Methods. The activities
are corrected for the ATPase of Si alone.
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FIGURE 4 Emission spectra of DED-actin copolymers. The spectra
were recorded for copolymers of 1.0 ,uM actin labeled with N-ethylmale-
imide at Cys-374 and with DED at Gln-41 and 9.0 ,LM unlabeled actin in
the absence (solid trace) and presence (dashed trace) of 10 ,uM copper and
for 1.0 ,um N-ethylmaleimide-DED-actin (stabilized by 1.0 ,um phalloidin)
in the presence of 1.0 ,uM copper (dotted trace). Solvent conditions and
excitation wavelength were the same as in legend to Fig. 1. The copoly-
mers of N-ethylmaleimide DED-actin and unlabeled actin were formed by
polymerizing their mixtures with 2.0 mM MgCl2.
actin with unlabeled actin did not alter DED fluorescence
and, as expected, that the NEM labeling of DED-actin
completely blocked the quenching of its fluorescence by
Cu2+. However, normal DED fluorescence quenching (i.e.,
>50%) was observed upon additions of 10 ,IuM Cu2+ to
copolymers of 1.0 ,uM NEM-DED-actin and 9.0 ,uM unla-
beled actin (Fig. 4, dashed trace). Clearly, because the
fluorescence of NEM-DED-F-actin alone was not quenched
by Cu2+, the quenching observed in the copolymers with
unlabeled actin (dashed trace) demonstrated intermolecular
coupling between the C-terminus of unlabeled actin and the
38-52 loop of DED-actin. Moreover, the approximately
similar level of DED fluorescence quenching by Cu2+ in
DED-F-actin alone (Fig. 1) and in the copolymers of NEM-
DED-actin and unlabeled actin (Fig. 4) suggests that most of
the quenching, if not all, is due to such an intermolecular
coupling.
Additional test of the quenching mechanism was pro-
vided by monitoring the extent of DED fluorescence
quenching by Cu2+ as a function of NEM-actin concentra-
tion in the copolymers of 1.0 ,uM DED-actin and NEM-
actin. Fig. 5 shows that the quenching by Cu2+ is abolished
completely at molar ratios of NEM-actin to DED-actin :
4.0. In these copolymers DED-actin should still bind Cu2+
and thus, the lack of quenching of its fluorescence must be
associated with the decreased frequency of DED-actin pairs
in F-actin (NEM-actin does not bind Cu2+). This result
shows clearly that intermolecular interactions between loop
38-52 and the Cu2+ bound to actin's C-terminus are nec-
essary for the quenching of DED fluorescence.
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al., 1992; Adams and Reisler, 1994
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analysis (Tirion and ben Avraham
evidence exists for the dynamic re<
and in particular for changes in si
terminus region of actin (Orlova a
lova et al., 1995; Muhlrad et al., 19'
Electron microscopy studies demor
main 2 and the C-terminus can exir
tions (Orlova and Egelman, 1995
1992; 1993) and showed the connec
these regions of the protein.
The main goal of this study has
steric proximity of loop 38-52 an
adjacent actin in F-actin (Tirion (
DeRosier, 1993; Lorenz et al., 19'
pling between these sites. The use:
attached to Gln-41 on actin, (Kim
chelated to Cys-374 and the adjacei
1972), is particularly attractive. Th
offers the combined advantages of
sitivity and a minimal or limited s
F-actin, as evidenced by the unchanged in vitro motility and
acto-S 1 ATPase activity (Vmax and Kin) of the labeled actin
(Kim et al., 1996). Similarly, as shown in this study, Cu2+
binding to Cys-374 on F-actin does not alter the acto-S 1
ATPase activity and thus, probably impacts the structure of
F-actin to a smaller extent that other popular Cys-374
probes (Crosbie et al., 1994).
The main conclusion of this work is that the connectivity
between the conformational states of loop 38-52 and the
C-terminus on actin can result from the intermolecular
coupling between these sites. This conclusion is based on
the quenching of DED fluorescence by copper in F-actin but
not in G-actin, and by the 10-fold acceleration of subtilisin
cleavage in F-actin but not in G-actin by the bound copper.
..0 The intermolecular coupling is shown even more convinc-
6 8 10 ingly by DED quenching (by Cu2+) in copolymers ofNEM-
(gM) DED-actin and unlabeled actin, and by the loss of quench-ing in copolymers of DED-actin and NEM-actin. The fact
rescence by copper in copoly- that copper has no effect on the acto-S 1 ATPase activity and
nide at Cys-374. The copoly- the tryptic digestion of F-actin, as well as on the properties
N-ethylmaleimide at Cys-374 of G-actin, indicates that this metal ion does not alter
of 1.0 ,u~M DED-G-actin and
18.0 .m) with2.0DmM MgCi2 significantly the actin structure. Furthermore, because sub-
alloidin. Fluorescence intensi- tilisin digestion of F-actin is accelerated by copper for the
and excitation settings as in unlabeled protein, the spectroscopically detected coupling
,uM copper. Full quenching of between loop 38-52 and the C-terminus is not an artifact of
ching scale) corresponds to the a dual labeling of actin at Gln-41 and Cys-374. Obviously,
M DED-F-actin. however, in those cases in which the effect of G-actin
modification is transmitted between loop 38-52 and the
C-terminus (Khaitlina et al., 1993), the intramolecular cou-
pling between these sites may be also preserved in F-actin
structural elements on (Kuznetsova et al., 1996).
nd discussed in several The relatively slow binding of Cu2+ to F-actin, as well as
slaszewska et al., 1993; the frequently noted slower modification of Cys-374 in
al., 1994; Drummond et F-actin than in G-actin, may reflect the partial burial of the
; Crosbie et al., 1994). It C-terminus in F-actin structure where in some cases it
the dynamic structure of appears to make contact with loop 38-52 and helix 223-230
edicted by normal mode (Owen and DeRosier, 1993). In view of the dynamic
k, 1993). Equally strong changes in loop 38-52 and the C-terminus, it is likely that
arrangements in F-actin, the chelation of Cu2+ occurs primarily in the "open" and
ubdomain 2 and the C- solvent exposed conformation of the C-terminus. The bind-
Lnd Egelman, 1995; Or- ing of Cu2+ to the C-terminus of actin changes, in turn, the
94; Crosbie et al., 1994). conformation of that region as shown by its decreased
istrated that both subdo- susceptibility to carboxypeptidase A (Drabikowski et al.
st in different conforma- 1977). Both the quenching of DED-F-actin fluorescence by
i; Orlova and Egelman, Cu2+ and the Cu2+-accelerated subtilisin cleavage of F-
-tivity in F-actin between actin are consistent with the exposure of loop 38-52 to
solvent. This may occur through a rotation of the 38-52
been to test whether the loop to a greater radial distance from the filament axis
.d the C-terminus on an (Orlova and Egelman, 1995). Such a decreased involvement
et al., 1995; Owen and of loop 38-52 in the intermolecular contacts in F-actin
)3) can lead to the cou- would be a direct consequence of the Cu2+-induced change
for that purpose of DED in the C-terminus of an adjacent actin monomer in F-actin.
et al., 1995) and copper It is interesting that the changes in loop 38-52 environ-
nt residues (Lehrer et al., ment due to Cu2+ binding to Cys-374 are noncooperative.
e DED probe on Gln-41 This implies that Cu2+-induced changes in the intermolec-
high environmental sen- ular contacts in F-actin are less extensive than those pro-
tructural perturbation of duced by filament stabilizing factors, phalloidin and BeFx,
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which evoke cooperative transitions in F-actin (Drewes and
Faulstich, 1993; Muhlrad et al., 1994). Thus, it appears that
cooperative transitions in F-actin may occur in response to
more significant changes in intermolecular contacts than
those induced by copper binding to Cys-374.
This work was supported by National Science Foundation grant MCB
9206739.
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